Abstract Pulsed-field-gradient nuclear magnetic resonance (PFG-NMR) is used to obtain 6 the true hydrodynamic size of complexes of peptides with sodium dodecyl sulfate SDS 7 micelles. The peptide used in this study is a 19-residue antimicrobial peptide, GAD-2. Two 8 smaller dipeptides, alanine-glycine (Ala-Gly) and tyrosine-leucine (Tyr-Leu), are used for 9 comparison. We use PFG-NMR to simultaneously measure diffusion coefficients of both 10 peptide and surfactant. These two inputs, as a function of SDS concentration, are then fit to 11 a simple two species model that neglects hydrodynamic interactions between complexes.
Introduction

26
Membrane-associated proteins and peptides are often studied in a micellar environment 27 (Tulumello and Deber, 2009; Sanders and Sönnichsen, 2006) . Like membrane bilayers, mi-28 celles provide a hydrophobic-hydrophilic interface, but unlike them, they are small enough 29 to enable solution NMR signals to be observed. Micelles are commonly employed in NMR 30 structure determination of membrane proteins (Qureshi and Goto, 2012; Tulumello and 2008, 1999; Whitehead et al, 2001; Orfi et al, 1998; Begotka et al, 2006; Deaton et al, 2001; 48 Whitehead et al, 2004; Gao and Wong, 1998; Buchko et al, 1998) .
49
A knowledge of the hydrodynamic size of proteins plays an important role in un-50 derstanding their conformations (Jones et al, 1997) . This is also the case for peptides in tein is limited in quantity. As a result of this, "apparent" hydrodynamic radii are routinely 58 reported, without such extrapolation, in systems with rather large surfactant concentrations 59 (Binks et al, 1989; Gimel and Brown, 1996; Sarker et al, 2011) .
60
An important phenomenon to consider with respect to large macromolecular concen-61 trations is crowding. Macromolecular crowding usually refers to the non-specific excluded 62 volume (steric) effect of macromolecules with respect to one another in an environment 63 where the macromolecular volume fraction Φ is large; an example is a living cell with 64 Φ=40% (Zhou et al, 2008) . At finite dilutions there are hydrodynamic corrections to dif-65 fusion (Batchelor, 1976) even for a simple colloidal system of spherical particles. In the 66 literature, crowding has long been treated as an excluded volume interaction at high vol-67 ume fractions. It is now being realized that electrostatic and hydrodynamic interactions 68 sensitively affect macromolecular dynamics (Zhou et al, 2008; Schreiber et al, 2009) . As a 69 result, crowding-related effects can be important even at relatively low volume fractions.
70
For example, for a micelle of radius 2 nm in a solution with Debye length κ −1 = 1 nm, the 71 effective radius is 3 nm and Φ=10% corresponds to Φ eff ≈ 34%, which already represents a 72 relatively dense colloidal regime. Thus, we generalize macromolecular crowding to refer to 73 all concentrations where excluded volume, electrostatic or hydrodynamic interactions are 74 at play.
75
The nature of the association of peptides with anionic SDS micelles depends on the 76 details of the electrostatic environment; for example, cationic peptides bind more strongly 77 than their zwitterionic counterparts (Begotka et al, 2006) . NMR diffusometry studies have 78 found that peptide binding with anionic SDS micelles and zwitterionic dodecylphospho- 
92
Since AMPs are subjects of much interest and also represent an even larger class of 93 amphipathic, helical peptides, the peptide, GAD-2 with a 19-amino acid sequence (FLH-94 HIVGLIHHGLSLFGDR), was selected for this study. GAD-2 and a related peptide, GAD-1 95 with a 21-amino acid sequence, have been identified in recent efforts to discover new AMPs 96 (Fernandes et al, 2010; Browne et al, 2011; Ruangsri et al, 2012) . GAD-2 has recently been 97 shown by NMR and circular dichroism to take on a helical structure in SDS micelles at 40°98 C, although it loses a certain amount of its helicity at room temperature (unpublished data).
99
While the GAD-2 -SDS peptide-micelle system chosen is relevant and of current interest 100 in biochemical studies, the goal of this study was to provide a realistic picture of complex 101 formation in peptide-micelle systems in general.
In this work, we used NMR diffusometry to study the interaction between the cationic 103 GAD-2 AMP and an anionic SDS micelle as a membrane mimic environment. In order to do 104 so, we use a simple mathematical model that is utilized to signal the changes in the nature of 105 the macromolecular complexes in a system of nonionic polymer-anionic surfactant system 106 in aqueous solution (Barhoum and Yethiraj, 2010) . Similar models, based on fast exchange 107 between two or more sites, have been employed previously in surfactant (Stilbs, 1982, 108 1983) and peptide-surfactant systems (Chen et al, 1995; Deaton et al, 2001) those with the size (19 residues) of GAD-2; however, one must be careful to avoid the onset 114 of crowding in order to reliably use these simple models.
115
Materials and Methods
116
GAD-2 peptide with average molecular mass M w =2168 g/mole was synthesized using solid 
Abbreviation Final [SDS] SDS-buf
2-187 mM GAD-2-SDS 1-80 mM Ala-Gly-SDS 2-60 mM Tyr-Leu-SDS 2-60 mM GAD-2-SDS, Ala-Gly-SDS, Tyr-Leu-SDS, and SDS samples were prepared with compo- of dipeptides (Ala-Gly and Tyr-Leu) in Ala-Gly-SDS and Tyr-Leu-SDS systems was 2 mM.
140
The pH value for all samples was adjusted to be 4 by the addition of sodium deuteroxide of sodium oxalate does not include protons in it. As a result, the one dimensional proton 147 NMR spectra do not include buffer peaks that might overlap with SDS and peptides peaks.
148
The self-diffusion measurements were carried out in a diffusion probe (Diff30) and with In this work, we carried out experiments with peptide at varying SDS concentrations 176 in the presence of sodium oxalate buffer. We also performed experiments on pure SDS 177 solutions as well as buffered SDS solutions for comparison. Figure 2 shows the signal at-178 tenuation and the self-diffusion coefficients for SDS and peptides in a buffered peptide-free 179 SDS sample and GAD-2-SDS sample. The signal attenuation in all samples was observed 180 to be monoexponential.
181
This suggests that the exchange of SDS molecules between the SDS in micelles and 182 in free solution must be very rapid in the NMR time scale. The values of the observed diffusion coefficients were calculated from the monoexponential decays using equation 1.
184
For peptide-free SDS solutions prepared with sodium oxalate buffer (figure 2a), the signal 185 attenuation of SDS was obtained by integrating the area under the spectral region between 186 0 to 4 ppm. For the GAD-2-SDS system, the spectral ranges from 0 to 4 ppm and 7 to 9 ppm 187 were used to obtain SDS and GAD-2 signal attenuation, respectively. In each case the SDS 188 and peptide spectral regions were chosen to ensure a clear spectral separation. 
197
The pulsed-field-gradient signal attenuation is monoexponential for all samples ( fig-198 ure 2). This implies that the exchange of SDS molecules between the SDS in micelles and 199 in free solution is rapid in the NMR time scale. Previous studies (Soderman and Stilbs, 200 1994; Stilbs, 1982 Stilbs, , 1983 showed that a surfactant molecule visits more than one environ- there are only two distinct species, the free and the aggregate states; however, as will be 212 seen later, we are able to check for self-consistency of the model. . Figure 4a shows the self-diffusion coefficient of GAD-2 and SDS in the GAD-2-SDS 236 system. We measured the self-diffusion of GAD-2 in the SDS concentration range that is 237 higher than 13.3 mM. Due to experimental limitations (small value of signal-to-noise ratio),
238
we were not able to extract the self-diffusion coefficient of GAD-2 in the SDS concentration 239 range below 13.3 mM, but we were able to measure the surfactant diffusion. concentration to about 10 nm at 60 mM, less than a factor of two increase.
271
Plotted in figure 5b is the variation in the ratio of SDS molecules to peptide molecules in 
Comparison with smaller dipeptides
277
In order to study the effect of peptide size on the dynamics of peptide-SDS complexes, and to the absence of a buffer shows no effect on the micellar structure, while the CMC is lower in 300 the presence of the buffer. between complexes, or a dramatic change in complex shape -are depicted in figure 7.
333
As noted by (Zhou et al, 2008; Schreiber et al, 2009 ), a deeper understanding of role of 334 electrostatic and hydrodynamic interactions is needed in the study of macromolecular 335 crowding, and this needs to be studied further.
336
There is a distinct difference in the behavior of large peptides (M 
